Graft copolyamides containing amphiphilic components in the side chains, alternately grafted aromatic polyamides containing polydimethylsiloxane (PDMS) and poly(ethylene oxide) (PEO) segments (PA-g-SEa), were prepared by a macromonomer method, which exhibited the high permeability of PDMS segment and the biocompatibility derived from the amphiphilic components. PA-g-SEa membranes were prepared by solvent casting method, and the gas permeability, the pervaporation property, the surface property and the biocompatibility of the obtained polymer membranes were investigated. From the results of permeation examinations of gases and aqueous ethanol solutions, PA-g-SEa membranes indicated the high permeability for most gases and liquids. In addition, the organic permselectivity was enhanced with the increase of PDMS segment length of these polymers. Furthermore, the amount of adhered platelets on PA-g-SEa membranes was much smaller than that on only PDMS grafted aromatic polyamide (PA-g-PDMS) membranes, which would be due to the effect of amphiphilic side chains.
INTRODUCTION
In the recent years, the pervaporation (PV) using a polymer membrane has given a considerable attention in the separation of aqueous organic solutions with potential savings in energy costs, because it can separate liquid mixtures including the components of azeotropic or similar molecule size compounds. On the other hand, the recent interest in clean energy sources to reduce carbon dioxide in the atmosphere has spurred a great deal of researches of bio-ethanol from biomass. In this technology, the pervaporation process was applied to purify ethanol at the last step to obtain pure ethanol by using water-permselective membranes. However, it is more practical to separate ethanol by using an organic-permselective membrane, because ethanol is a minor compound in the fermentation product. In this case, the separate membrane needs to indicate the ethanol permselectivity and the protein resistance in a culture medium. If the separation membrane exhibits the high organic permselectivity and biocompatibility, it is expected to purify the production of ethanol from biomass by PV system. To achieve the selective permeation of organic compounds in the pervaporation of aqueous organic solutions, it is very important to enhance the solubility for organic compounds over water on a polymer membrane, because the diffusivity of water is higher than that of organic compounds.
Polydimethylsiloxane (PDMS) has been known to show the unique properties derived from its siloxane bond, which include the low glass-transition temperature, the low surface energy, the biocompatibility and the organic permselectivity. Therefore, the membrane composed of PDMS is expected for the application to remove organic components from aqueous organic solutions by pervaporation technique. However, the cross-linked PDMS membrane is not a practical membrane, because an ultrathin membrane to achieve a high flux cannot be prepared from such crosslinked material. In addition, the durability of the membrane against several organic solvents is important, because the organic compound was concentrated in the inert of the membrane during the permeation.
Taking the above concepts into account, we have been attempted to synthesize novel PDMS grafted copolymers, the main chain of which consisted of aromatic polyamide. In our previous work, PDMS grafted aromatic polyamide (PA-g-PDMS) was prepared by polycondensation of 3,5-bis(4-aminophenoxy)benzyloxypropyl-terminated PDMS macromonomer (BAPB-PDMS) with terephthaloyl chloride, the membrane of which exhibited the high gas and liquid permeability with a high durability derived from the main chain component [1] . Furthermore, PEO/PDMS alternately grafted aromatic polyamide (PA-g-SEa) was prepared from the 3,5-bis(4-carboxylphenyloxy)phenyloxy-terminated PEO macromonomer (BCPP-PEO) and BAPB-PDMS, in order to develop a new functional membrane material [2] . As a result, the gas permeability coefficients of PA-g-SEa membrane were similar to PA-g-PDMS membrane. On the other hand, it was suggested that the protein resistance was observed by the addition of PEO chain on the surfaces [3] . Therefore, PA-g-SEa might exhibit a sort of biocompatibility due to PEO and PDMS components in the side chain.
In this study, the syntheses of PA-g-SEa were carried out to reveal the permselectivity and the biocompatibility of such amphiphilic copolymer membranes. If the membrane exhibits the high ethanol selectivity and biocompatibility, it is expected that the concentrated ethanol could be continuously obtained by PV technique from a culture medium of fermentation without adhesions of proteins and other bio-components.
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EXPERIMENTAL

Materials
The synthetic procedures of macromonomers, BAPB-PDMS and BCPP-PEO, were described in our previous papers [1, 2] . Anhydrous 1-methyl-2-pyrrolidinone (NMP) was purchased from Aldrich Co., Ltd. Other chemical reagents were used as received.
Preparation of PEO/PDMS-grafted polyamide membrane (PA-g-SEa)
Under a nitrogen atmosphere, BCPP-PEO (x = 8.33, 1.40 g, 1.88 mmol) was dissolved in 8.0 ml of thionyl chloride, and the solution was stirred at 115℃ for 3h. After the excess thionyl chloride was distilled off, the residue was dissolved in 2.4 ml of dry NMP. Under an argon atmosphere, the solution was cooled to -78℃, and the solution of BAPB-PDMS (y = 7.13, 1.90 g, 1.88 mmol) in 2.4 ml of dry NMP was slowly added. After the mixture was stirred at r.t. for 1 h, the viscous solution was poured into excess methanol, and the precipitated polymer was dissolved in tetrahydrofuran (THF). Then, the THF solution was cast on a polytetrafluoroethylene sheet, and the solvent was slowly evaporated at 40℃ for 6 h to form a PA-g-SEa membrane. The obtained membrane was dried in vacuo at 60℃ for overnight.
Other PA-g-SEa membrane was prepared according to the same procedure as above using a different BAPB-PDMS (y = 12.4).
Preparations of PDMS-grafted and PEO-grafted polyamide membranes (PA-g-PDMS and PA-g-PEO)
PA-g-PDMS and PA-g-PEO were synthesized according to the procedure described in our previous paper [2] , and the precipitated polymers were dissolved in NMP and N,N-dimethylformamide (DMF), respectively. Then, the NMP and DMF solutions were cast on a polytetrafluoroethylene sheet, and the solvent was evaporated at 90℃ for 48 h to form a PA-g-PDMS and PA-g-PEO membranes. The obtained membranes were dried in vacuo at 90℃ for overnight.
Characterizations
The molecular weights of polymers were estimated by Tosoh gel permeation chromatography (GPC) system equipped with four columns of TSK gels and RI detector of RI-8010 using THF or DMF as eluent. Average molecular weights were evaluated by polystyrene standards.
Measurements of gas permeability coefficients
Sample membranes were cut into circular pieces with a diameter of 36 mm and a thickness of 150 -260 μm. Gas permeability coefficients were estimated by an ordinary vacuum method using Tsukuba-Rikaseiki K-315N-01 apparatus. The permeation area was 7.07 cm 2 . Permeability coefficients of several gases were calculated from the slope of the time-pressure curve, dp/dt, in the steady state.
Pervaporation experiments
Sample membranes were cut into circular pieces with a diameter of 59 mm and a thickness of 150 -260 μm. Pervaporation of aqueous ethanol solution through the membrane was carried out using a stainless steel cell, which was dipped in a water bath kept at 50℃. The pressure of the downstream side was kept at below 1.0 mmHg, and the permeation area was 20.0 cm 2 . The permeated vapor was trapped in a vessel cooled with liquid N 2 , and the concentration was determined by gas chromatography. The flux (J) and the permeability coefficient (P) were calculated from the weight of permeate (w) in the vessel, the permeation time (t), the membrane thickness (L) and the permeation area (A), according to the equations shown below;
The separation factor, α, was defined as the equation below;
where X organic is the mass fraction of organic liquid in permeate, X water is the mass fraction of water in permeate, Y organic is the mass fraction of organic liquid in feed, and Y water is the mass fraction of water in feed.
Measurements of contact angles
Contact angles of the membranes were measured by using distilled water and ethanol as solvents. The measurements were carried out to use the sessile drop method, and their values were recorded with a Kyowa FACE AUTO DISPENSER AD-31. The reported contact angles are the average value of at least three measurements.
Quantitative analysis of platelet adsorbed on the polymer membrane
Sample membranes were cut into circular pieces with a diameter of 14 mm. The membranes were immersed in phosphate-buffered solution (PBS, pH=7.4) at r.t. for overnight to equilibrate the surface. The treated membranes were contact with human platelet-rich plasma (PRP) for 1 h at 37℃. Then, PRP was removed with an aspirator, and the membranes were rinsed three times with PBS, in order to remove non-adsorbed platelets. 0.5 wt% aqueous solution of polyethylene glycol mono-p-isooctylphenyl ether (Triton X100) was poured to peel the absorbed platelets. The concentration of platelets in the Triton X100 solution was counted by a lactate dehydrogenase (LHD) assay using an LDH-Cytotoxic Test Kit (Wako Chemicals). The concentration of platelets in PRP was determined with a Coulter counter (MULTISIZER II, Beckman Coulter, CA) and the number of adhered platelets on the polymer membranes was estimated based on the absorbance of the PRP-diluted system.
RESULTS AND DISCUSSION
Preparation of copolymer membranes
PA-g-SEa was synthesized by polycondensation of the two macromonomers, BCPP-PEO and BAPB-PDMS, as shown in Scheme 1. In addition, PA-g-PDMS and PA-g-PEO (Fig. 1) were prepared by polycondensations of terephthaloyl chloride with BAPB-PDMS and 3,5-bis(4-aminophenyloxy)benzene with BCPP-PEO, respectively, in order to compare the functionality of the polymer membranes with different side chain structure. The yields, segment lengths and molecular weights of these polymers are summarized in Table 1 . These polymers were obtained in high molecular weights as shown in this table. PA-g-SEa1 and PA-g-SEa2 were prepared to reveal the effect of different PDMS segment lengths on the permselectivity of the polymer membranes, the degrees of polymerization of which were about 7 and 12, respectively. PA-g-SEa1 and PA-g-SEa2 were insoluble in any solvents after dried in vacuo, but soluble in THF or NMP just after the reprecipitation to give their clear solutions, when these polymers were swelled in the reprecipitated solvents. Then, these polymer membranes were obtained by solvent casting method from the polymer solutions. The obtained polymer membranes showed a high durability for several organic solvents due to the property of main chain component. Moreover, these membranes showed enough mechanical strength for the measurements of PV performance.
Gas permeability of copolymer membranes
The gas permeability coefficients of these membranes were evaluated for hydrogen, oxygen, nitrogen, carbon dioxide, methane and ethane, as listed in Table 2 . The permeability or the diffusivity of gases through membranes was thought to be an important role in the organic permselectivity in pervaporation. The gas permeability coefficients of PA-g-SEa membranes were almost equal to those of PA-g-PDMS membranes as compared polymers with the same PDMS segment length. This result would be due to the continuous phase of PDMS segment in polymer membranes. However, the gas permeability coefficients of these membranes were lower than those of PDMS crosslinked membrane, because the gas permeations through the copolymer membrane were prevented by the strong interaction of amide group or PEO segments. Actually, in the case of PA-g-PEO membrane, very low gas permeability was observed as described in our previous paper [2] . From these results, it was suggested that the gas permeability corresponded to the diffusivity in the membrane. On the other hand, the gas permeability coefficients of these membranes were increased as the increase of PDMS segment length. These results were in good agreement with the previous findings for PA-g-PDMS membranes [4] . However, it is considered that the mechanical strength of PA-g-SEa membrane become not enough for separation membranes, when PDMS segment length, y, of PA-g-SEa is increased more than 12 -15.
Furthermore, the difference of the gas permeabilities for each gas would depend on the surface property of membranes. In the gas permeation through such high permeable membranes, the solubility of gases into the membrane surface would dominate the gas permeability, because the diffusivity is very high and the difference of diffusivities of each gas becomes small. It was found from these results that these copolymer membranes possessed relatively hydrophobic surface that was mainly covered with PDMS side chain, where the organic gas permeabilities of methane and ethane became significantly high. a) Average degree of polymerization of PDMS or PEO segment. b) Number-average molecular weight (Mn) and weight-average molecular weight (Mw) were determined by gel-permeation chromatography using THF as eluent. c) Mn and Mw were determined by gel-permeation chromatography using DMF as eluent. Table 2 Gas permeability of PA-g-SEa and PA-g-PDMS membranes at 30℃. 
Results of pervaporation
The pervaporation property of aqueous ethanol solution through these membranes was evaluated using aqueous solution of 10 wt% ethanol as a feed solution. In addition, the contact angle measurements of the polymer membranes were carried out, in order to clarify the surface property of polymer membranes. The results are summarized in Table 3 . PA-g-SEa membranes exhibited the ethanol permselectivity. The permeability coefficient of PA-g-SEa membranes increased as the increase of PDMS segment length, which was related to the results of the gas permeability coefficients. Furthermore, the separation factor of PA-g-SEa membranes was also enhanced, as PDMS segment length was increased. However, the separation factor of PA-g-SEa membranes was lower than that of PA-g-PDMS membranes. In particular, PA-g-SEa1 membrane showed the very low ethanol selectivity, which would be due to the higher content of hydrophilic PEO segment.
As seen in Table 3 , the ethanol contact angle on PA-g-SEa membranes was higher than that on PA-g-PDMS membranes, and the water contact angle on PA-g-SEa1 membrane was lower than those on the other membranes. The surface property of these membranes would be depended on the difference of components between PEO and PDMS segments. Therefore, the separation factor was increased as the decrease of ethanol contact angle or the increase of water contact angle. In other words, the solubility of ethanol on the membrane surface is important factor to improve the ethanol permselectivity.
Biocompatibility of copolymer membranes
The biocompatibility of PA-g-SEa, PA-g-PDMS and PA-g-PEO membranes was investigated by the quantitative analysis of platelet adhesion. In addition, 2-methacryloyloxyethyl phosphorylcholine (MPC) coated PET plates was also evaluated, to compare the biocompatibility of PA-g-SEa membranes with a high biocompatible material. Fig. 2 shows the amount of adhered platelets on polymer membranes after contact with human platelet rich plasma for 1 h. Interestingly, the amount of adhered platelets on PA-g-SEa membranes was much smaller than that on PA-g-PDMS and PA-g-PEO membranes. In particular, the amount of adhered platelets on PA-g-PDMS2 membrane was about three times higher than that of PA-g-SEa2 membrane. Therefore, the platelet adhesion of PA-g-SEa2 was effectively reduced by the amphiphilic side chains of PDMS and PEO segments. In addition, PA-g-SEa1 showed the higher biocompatibility than PA-g-SEa2. This result suggested the importance of the difference of components between PEO and PDMS segments. On the other hand, the amount of adhered platelets on PA-g-SEa membranes was almost equal to that of the MPC polymer, which was well-known as an excellent biocompatible material [6] . Thus, PA-g-SEa membranes indicated high biocompatibility compared with PA-g-PDMS and PA-g-PEO membranes, which would be due to the phase separation of amphiphilic side chains and main chains.
CONCLUSION
PDMS/PEO alternately grafted polyamide membrane with the longer PDMS segment showed the high gas and liquid permeability. Furthermore, the PA-g-SEa membranes exhibited the high biocompatibility as the same level as a well-known biocompatible material. Consequently, this polymer structure would be one of the best candidates for PV membrane which enable the continuous separation of bio-fuel without adhesions of proteins and other bio-components. However, the ethanol selectivity of PA-g-SEa membranes was not enough to be used for the purification of bio-fuel. The improvement of the ethanol selectivity in such a copolymer system will be investigated as a future subject. 
